In the seed industry, chlorophyll (Chl) fluorescence is often used as a major non-invasive reporter of seed maturation and quality. Breakdown of Chl is a proactive process during the late stage of seed maturation, as well as during leaf senescence and fruit ripening. However, the biological significance of this process is still unclear. NYE1 and NYE2 are Mg-dechelatases, catalyzing the first rate-limiting step of Chl a degradation. Loss-of-function of both NYE1 and NYE2 not only results in a nearly complete retention of Chl during leaf senescence, but also produces green seeds in Arabidopsis. In this study, we showed that Chl retention in the nye1 nye2 double-mutant caused severe photo-damage to maturing seeds. Upon prolonged light exposure, green seeds of nye1 nye2 gradually bleached out and eventually lost their germination capacity. This organ-specific photosensitive phenotype is likely due to an over-accumulation of free Chl, which possesses photosensitizing properties and causes a burst of reactive oxygen species upon light exposure. As expected, a similar, albeit much milder, photosensitive phenotype was observed in the seeds of d1 d2, a green-seed mutant defective in NYE/SGR orthologous genes in soybean. Taken together, our data suggest that efficient NYEs-mediated Chl degradation is critical for detoxification during seed maturation.
INTRODUCTION
Chlorophyll (Chl), the major pigment that absorbs energy from light, is vital for photosynthesis. Chl molecules are spatially arranged in and around photosystems, which are embedded into the thylakoid membranes in chloroplast (Tanaka and Tanaka, 2006) . Occasional accumulation of free Chl molecules or their catabolic intermediates, acting as photosensitizers, can lead to a burst of reactive oxygen species (ROS), and subsequent cell damage and death (Mur et al., 2010; Hortensteiner, 2013) . Therefore, coordinated synthesis and degradation of Chl molecules and their associated protein partners are critical for normal plant growth and development.
Over the last decade or so, genes encoding all major Chl catabolic enzymes (CCEs) were identified (Pruzinska et al., 2003 (Pruzinska et al., , 2007 Horie et al., 2009; Sato et al., 2009; Schelbert et al., 2009; Meguro et al., 2011; Shimoda et al., 2016) , and a biochemical pathway of Chl degradation, designated as the pheophorbide a oxygenase (PAO) pathway, was consequently revealed (Hortensteiner, 2006; Christ and Hortensteiner, 2014 ). An important event was the identification of NON-YELLOWING1/STAY-GREEN1 (NYE1/SGR1, hereafter referred to as NYE1 and its close paralog as NYE2, respectively), which was recently demonstrated as the Mg-dechelatase responsible for catabolizing the first step of Chl a breakdown (Shimoda et al., 2016) . NYE1 is essential for Chl degradation in diverse species, in particular responsible for the green trait of Mendel's pea (Armstead et al., 2007; Jiang et al., 2007; Park et al., 2007; Ren et al., 2007; Sato et al., 2007; Barry et al., 2008; Zhou et al., 2011; Fang et al., 2014) . The NYE/SGR family proteins can be divided into two clades: the SGR/NYE clade; and the SGR-like (SGRL) clade (Hortensteiner, 2009 ). There are typically one or two members in the SGR/NYE clade in most plant species. Unlike the SGR/NYE clade, SGRL prefers chlorophyllide as its substrate (Shimoda et al., 2016) . According to the findings that all major CCEs specifically interacted with LHC II proteins, and that NYE1 and other CCEs interacted directly or indirectly with each other, it was assumed that NYE1 might play a role in recruiting CCEs onto thylakoid membranes in senescing chloroplasts to allow the metabolic channeling of phototoxic Chl catabolic intermediates (Sakuraba et al., 2012 (Sakuraba et al., , 2013 . Based on the observation that an inhibition of Chl degradation inevitably causes retention of its associated proteins in senescent leaves, it has been postulated that Chl degradation may occur as a prerequisite of Chl-binding proteins degradation in leaves (Thomas et al., 2002; Hortensteiner, 2009; Wu et al., 2016) .
In higher plants, seed development involves two phases: the morphogenesis phase (development of embryo and endosperm); and the maturation phase (establishment of desiccation tolerance and seed dormancy; Baud et al., 2002; Gutierrez et al., 2007) . Chl is rapidly degraded during the late phase of seed maturation, resulting in mature seeds essentially devoid of Chl (Holdsworth et al., 2008) . Despite the wide recognition that the residual Chl content is inversely associated with seed quality, the significance of rapid Chl degradation during seed maturation has been barely studied (Jalink et al., 1998; Cicero et al., 2009) . The most famous green-seed mutant is the Mendel's green cotyledon mutant in Pisum sativum (pea), which, as well as the long-known green-seed phenotype in Glycine max (soybean), has been identified to be caused by the mutations in NYE/SGR family genes (Armstead et al., 2007; Zhou et al., 2011; Fang et al., 2014) . Recent studies revealed that loss-of-function in both NYE1 and NYE2 in Arabidopsis also produces green seeds (Delmas et al., 2013; Wu et al., 2016) , resembling those in pea and soybean. ABI3 is one of the master regulators of Chl degradation during seed maturation (Santos-Mendoza et al., 2008) , the mutant of which also produces green seeds, through repressing the expression of NYE1 and NYE2 (Delmas et al., 2013) .
In this study, we show that seeds of nye1 nye2 gradually bleach out upon prolonged light exposure, concomitantly losing their germination capacity. This seed-specific photodamaging phenotype is likely caused by the excessive accumulation of free Chl molecules in green seeds of nye1 nye2, which act as photosensitizers and produce ROS, particularly hydrogen peroxide (H 2 O 2 ). A similar but slowlydeveloped photo-damaging phenotype was also observed in the d1 d2 mutant upon continuous light exposure. These findings indicate that efficient Chl degradation during seed maturation is a conserved yet critical process.
RESULTS

Seed germination is severely retarded in nye1 nye2
In addition to a severe stay-green phenotype on its senescent leaves, nye1 nye2 double-mutant also produced green seeds, without affecting their size and weight as compared with wild-type (WT), nye2-1 and nye1-1 (Figure 1a ; Wu et al., 2016) . A similar green-seed phenotype was also reported in sgr1-1 sgr2-2, where sgr1-1 is a knockdown T-DNA insertion line of NYE1 and sgr2-2 the same as nye2-1 (Delmas et al., 2013) . However, different from the observations in sgr1-1 sgr2-2 (Delmas et al., 2013) , a dramatically reduced germination rate (GR) as well as vigor was detected in nye1 nye2, with a gross GR of 10% at 5 DAS (days after sowing) under normal growth conditions (22°C, 16 h light/8 h dark), compared with almost 100% in WT, nye2-1 and nye1-1 ( Figure S1a) .
By scrutinizing the phenotype of nye1 nye2 dry seeds, two distinctive types of seeds were identified: green ones (nye1 nye2-G), retaining a large amount of Chl and some thylakoid remnant-like structures; and brown ones (nye1 nye2-B), completely devoid of Chl (Figures 1a and b , and S1c). While the green seeds could germinate at an initial rate of about 10% (as calculated at 5 DAS; Figure 1c and d), the brown ones lost their germination capability completely ( Figure 1c) . On agar plates, nye1 nye2-G germinated asynchronously and, curiously, the ratio of germinated seeds increased continuously during a 2-week incubation ( Figure 1d) . A small percentage of nye1 nye2-G germinated early, and developed green (type I) or pale green (type II) cotyledons. In contrast, the majority of nye1 nye2-G exhibited delayed germination and produced albino cotyledons (type III), which remained as such even after the emergence of true leaves (Figure 1e ). However, these albino cotyledons could slowly but eventually turn green ( Figure 1e , type II).
Transmission electron microscopy (TEM) revealed that thylakoids from type I cotyledons had pretty normal stacks of lamella, while those from albino cotyledons (type III) were distorted with less lamella and more osmiophilic droplets (Figure 1f-i) . In contrast, true leaves of nye1 nye2-G from all the three types developed a normal green color similar to that of WT (Figure 1e ), indicating that chloroplast development in true leaves is not obviously affected by the retention of Chl in seeds. Consistent with the delayed development of cotyledons and true leaves, root growth was also significantly retarded in the seedlings of nye1 nye2-G ( Figure S2 ). These results indicate that the retention of a high level of Chl in seeds may have a deleterious effect on both cotyledon and radicle development.
A photodynamic process is responsible for the retarded seed germination in nye1 nye2
Initially, the continuously increased GR during the incubation prompted us to speculate that the high level of Chl retention in nye1 nye2 seeds might somehow lead to seed dormancy. Gibberellic acid (GA) plays a pivotal role in releasing seed dormancy and promoting seed germination by antagonizing the action of abscisic acid (Holdsworth et al., 2008) . However, exogenously applying GA exerted no obvious effects on GR, and detaching embryos from seed coats made no difference either ( Figure S3a and b) . These observations are in line with the finding that the GR of nye1 nye2 seeds was not significantly affected during storage ( Figure S3c ; Delmas et al., 2013) , which is in contrast to that reported in nyc1 nol (Nakajima et al., 2012) . Together, these data suggest that the abnormal germination of nye1 nye2 seeds is not likely due to seed dormancy. We also analyzed the levels of seed storage proteins in the mature seeds of the three genotypes, and did not detect any obvious defects in the accumulation of major seed storage proteins in nye1 nye2-B and nye1 nye2-G, as compared with those in WT seeds ( Figure S1b) , consistent with the observation in sgr1-1 sgr2-2 (Delmas et al., 2013) .
Subsequently, we examined the photosensitive property of retained Chl molecules and its possible involvement in the abnormal germination of nye1 nye2 seeds. We found that seeds collected before maturation (stage b-c, see Figure 3 for classification) displayed a higher GR than matured ones (stage d; Figure 2a ). Moreover, a bleached phenotype of embryos was observed in nye1 nye2-B seeds, although the overall embryos appeared intact and normal ( Figure 1a ). It was further demonstrated that, by prolonging the duration of light exposure (~6000 Lux), both siliques and seeds gradually exhibited bleached phenotypes, with the percentage of brown seeds increasing continuously (Figure 2b and c), whereas those covered with aluminum foil or transferred to a dim light (~150 Lux) remained green ( Figure 2d ). Thus far, our data suggest that it is a photodynamic process that damages the seeds/embryos under light during maturation/ post-maturation and is responsible for the loss of germination capability of the bleached seeds in nye1 nye2 (i.e. nye1 nye2-B). These data also indicate that the Chl molecules retained in nye1 nye2 seeds may somehow possess a photosensitive property.
To further determine whether the reduced germination efficiency of nye1 nye2-G seeds and the emergence of albino cotyledons are also caused by a photodynamic process, we did a germination assay in the dark. As expected, hypocotyls of the green seeds elongated almost as normally as those of WT seeds, resulting in a relatively normal GR (Figure 2e and f). In sharp contrast, no signs of germination whatsoever were detected in the brown seeds (Figure 2e) . Notably, cotyledons of the nye1 nye2-G seedlings remained green (Figure 2g ). Upon exposure to light, instead of undergoing a rapid Chl accumulation and turning green, nye1 nye2 cotyledons turned yellow or even albino ( Figure 2g and h), indicating that the reduced GR and the appearance of albino cotyledons are also due to a photo-damaging process. To understand the molecular characteristics of the damaging process, we examined the expression of 10 Chl biosynthesis genes and four chloroplast development/function-related genes in nye1 nye2 seedlings with different degrees of photo-bleaching phenotypes (categorized according to Figure 1e , 5 DAS). It was found that the expression levels of four Chl biosynthesis genes (CPO1, CHLH, GNU4 and CAO) and all chloroplast development/function-related genes (PsaG, PsaE1, LHCB1.1 and LHCB2.2) were significantly reduced in the albino nye1 nye2 seedlings (type III seedlings; Figure S4 ). These results suggest that Chl biosynthesis and chloroplast development were somehow retarded in the albino nye1 nye2 cotyledons.
Hydrogen peroxide is over-accumulated in mature nye1 nye2 seeds
Reactive oxygen species are known to be the molecular 'executives' of photo-damage in plants, and distinct types of ROS may be involved in different processes, thereby activating respective signaling pathways (Apel and Hirt, 2004; Pruzinska et al., 2005; Triantaphylides et al., 2008; Li et al., 2009) . It is therefore tempting to determine which type(s) of ROS plays a role in the photo-damaging process in nye1 nye2 seeds. To this end, we examined the change in the content of H 2 O 2 during silique development in nye1 nye2. Five groups of seed-containing silique samples, reflecting the consecutive physiological and molecular changes during the silique/seed maturation, were collected and analyzed accordingly (Figure 3a and b). H 2 O 2 contents were comparable during the early and middle stages (stages a-d) of silique development between nye1 nye2 and WT (Figure 3c) . Interestingly, the content of H 2 O 2 at stage e was significantly higher in nye1 nye2 than that in WT (Figure 3c ), suggesting a possible involvement of H 2 O 2 in the photo-damaging process during seed maturation in nye1 nye2.
To further examine the effect of light on Chl breakdown and H 2 O 2 accumulation in the seeds of nye1 nye2, we performed a time-course experiment in which seeds were harvested at developmental stage d (when the H 2 O 2 content was still comparable between nye1 nye2 and WT; and subjected to continuous light exposure for indicated periods of time. As expected, nye1 nye2 seeds showed a gradual photo-bleaching phenotype and a rapid decline of GR during an 8-day light exposure (Figure 3d-g ). Intriguingly, a rapid increase of H 2 O 2 accumulation was detected in nye1 nye2 at day 3 after light exposure, which maintained at a high level up to day 6 (Figure 3h ). The quick elevation of H 2 O 2 in nye1 nye2 in response to light exposure further suggests a role of H 2 O 2 in the photodamaging process.
Free Chl is over-accumulated in mature nye1 nye2 seeds Free Chl molecules, but not protein-associated ones, are known to be the active photosensitizers (Tanaka and Tanaka, 2006) . The severe photo-damaging phenotype in the seeds prompted us to hypothesize that there might be a significant amount of free Chl somehow accumulated in the seeds but not in the senescent leaves of nye1 nye2. Unfortunately, there are no accurate ways to measure free Chl directly. We then chose to determine the relative levels of Chl-binding proteins instead in seed and leaf samples with an equal amount of total Chl, with a presumption that there is a constant stoichiometric ratio of Chl-binding proteins to Chl, which is an assurance for Chl molecules to be fully bound (Green and Durnford, 1996) , and a reduction of the ratio is regarded as an indication of free Chl accumulation.
Chl a and Chl b molecules function differentially in vivo and bind accordingly to corresponding parts of the photosystems (Nelson and Yocum, 2006) . Chl b binds with LHC Figure 2 . Photo-damage occurs during seed maturation and seed germination in nye1 nye2. (a) nye1 nye2 seeds collected before dehydration showed higher germination rates (GRs) than dehydrated ones. BM, before maturation; M, maturation. GR was calculated at 5 days after sowing (DAS). Values are means AE SD (n = 3; ** * P < 0.001, Student's t-test, paired). apoproteins, while Chl a binds with reaction center proteins and core antennae proteins as well as LHC apoproteins. By Western blot analysis, we detected almost the same levels of seven Chl-binding proteins (five LHC apoproteins, one core antennae protein, and one reaction center core protein) examined in the leaf samples of both WT and nye1 nye2 with an equal amount of total Chl, no matter before or after a 2-day ethylene treatment (Figure 4) , which obviously triggered the senescence process, reducing the Chl content to~50% of its original level in WT (Figure 4 ). These observations indicate that there indeed exists a ratio, presumably stoichiometric, of Chl-binding proteins to Chl in the leaves under diversified scenarios, which is in agreement with our hypothesis that there might be no significant accumulation of free Chl in the senescent leaves of nye1 nye2. In contrast, dramatically lower levels of six out of seven Chl-binding proteins examined were revealed in the seed sample of nye1 nye2-G with an equal amount of total Chl as that in the leaf samples, with the core antennae protein CP43 and reaction center protein D1 even undetectable, meaning that the ratio of Chl-binding proteins to Chl is significantly reduced (Figure 4 ). This revelation fully supports our hypothesis, i.e. a significant amount of free Chl is likely accumulated in the seeds of nye1 nye2. By contrast, in the seeds of WT, where there are no Chl retained, no traces of Chl-binding proteins were detected in a sample with the same weight as used for the seed sample of nye1 nye2-G (Figure 4 ). This finding alternatively validates our presumption, i.e. legitimately, Chl and its binding proteins are degraded stoichiometrically, resulting in no accumulation of free Chl. Consistently, our TEM showed that there were only few thylakoid remnantlike structures in the seeds of nye1 nye2-G (Figure S1c ), indicating that Chl-binding proteins have been largely degraded. This was in sharp contrast to the nearly intact structures of chloroplasts and retention of Chl-binding proteins in the senescent leaves of nye1 nye2 (Wu et al., 2016) .
We also examined the Chl a/b ratios in the leaves and seeds of nye1 nye2, in which Chl b can presumably be converted to Chl a. Intriguingly, it was found that the ratio in the seeds was not higher but lower than that in the leaves ( Figure S5a ), which was validated by the further finding that the Chl a/b ratio in nye1 nye2 seeds decreased gradually during photo-bleaching under continuous light irradiation ( Figure S5b ). This result, along with the measurements in the contents of Chl and their catabolites (Figure S6a) , not only indicates the existence of some kind(s) of feedback mechanism but also implies a possibility of more free Chl a being channeled to light-dependent nonbiochemical degradation, concomitantly resulting in the production of ROS. The later implication is consistent with the observation that the Chl a-only binding proteins, CP43 and D1, were more rapidly degraded than Chl a/b-binding proteins (i.e. LHC apoproteins) in the seeds of nye1 nye2 (Figure 4) .
Taken together, our results suggest that the seed-specific photo-damaging phenotype in nye1 nye2 may be caused by a significant accumulation of free Chl, which also explains why no lesion mimic phenotype was observed in the senescent leaves of nye1 nye2. Moreover, the discovery of free Chl accumulation in the seeds of nye1 nye2 not only confirms that NYEs, as Mg-dechelatase, are directly involved in Chl degradation but, more importantly, suggests that the degradation of Chl-binding proteins could be dissociated from Chl degradation in seeds.
To further characterize the non-biochemical degradation of Chl in nye1 nye2 seeds, we examined Chl and Chl catabolites in the seeds by high-performance liquid chromatography (HPLC). It was found that significantly higher levels of Chl a and Chl b were accumulated in nye1 nye2-G than that in WT, nye1-1 and nye1 nye2-B ( Figure S6a) . Notably, besides Chl a and Chl b, an unknown substance with an equal amount of total Chl. Protein extracts with either an equal amount of total Chl (leaf samples and nye1 nye2-G seeds) or equal weight (nye1 nye2-G and Col-0 seeds) were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and detected by Western blot. For ethylene treatment, detached leaves were exposed to 100 mM ethephon in an airtight container for 2 days under normal light conditions. [Colour figure can be viewed at wileyonlinelibrary.com].
was detected in nye1 nye2 seeds with a higher level in nye1 nye2-B than in nye1 nye2-G ( Figure S6a ). Because its absorbance spectrum and retention time are different from those of all known Chl catabolic intermediates ( Figure S6b and c), we speculate that this substance could be derived from the non-biochemical Chl breakdown during lightdependent seed bleaching.
A similar photo-damaging process is observed in soybean d1 d2 seeds after a prolonged light exposure Similar to nye1 nye2, soybean d1 d2 line not only exhibits a stay-green leaf phenotype during senescence, but also produces mature green seeds. D1 and D2 are homologs to Arabidopsis NYEs, and overexpression of either D1 or D2 is sufficient to rescue the stay-green phenotype of nye1-1 (Fang et al., 2014) . To test whether d1 d2 seeds are also sensitive to prolonged light exposure, we treated d1 d2 seeds by continuously irradiating them under the same conditions as we used for treating nye1 nye2 seeds. Indeed, we found that the d1 d2 seeds were also gradually bleached out, though not as dynamically as those of nye1 nye2, probably due to their larger size ( Figure 5a ). As expected, the seed coat showed the most obvious bleaching phenotype due to a rapid decline of Chl content (Figure 5b) . Twenty days after light exposure, a significant decline of Chl content in embryo was observed (Figure 5b ). We then examined the germination behavior of these seeds, and found that they produced severe albino cotyledons after germination, in contrast to the normal green cotyledons produced by WT plants (Clark; Figure 5c ). After a 30-day light exposure, seeds of d1 d2 showed delayed germination as well as post-germination defects, such as albino cotyledons and aborted root elongation, resembling those of nye1 nye2 (Figure 5c) . These results clearly demonstrate that Chl retained in soybean seeds could also cause a photo-damaging phenotype as that in Arabidopsis, suggesting that rapid Chl degradation during seed maturation is likely conserved among seed plants, as a critical process for detoxification when exposed to light.
DISCUSSION Timely degradation of Chl is vital for seed maturation and seed germination
During the phase of seed maturation, Chl molecules in embryos are rapidly degraded, producing seeds of brown color in Arabidopsis. The genes encoding NYEs, along with those coding for other CCEs, are upregulated during the degreening process ( Figure S7a-c) . Here, we report a severe bleaching phenotype in the reproductive organs and, particularly, a complete loss of germination capability of bleached seeds when the function of NYEs is lost in Arabidopsis (Figure 1a and c) . By manipulating the duration and strength of irradiation, we clearly demonstrate that these changes are caused by a photodynamic effect (Figures 2 and 3) . Our findings indicate unambiguously that the Chl molecules retained in seeds due to the defect in NYEs possess a photosensitive property. Photo-bleaching and germination retardation were also observed in soybean d1 d2 seeds, in which the orthologs of NYEs are functionally defective ( Figure 5 ). These results suggest that NYEs-mediated Chl degradation is critical for seed maturation and seed germination. Notably, green d1 d2 seeds are more tolerant to light exposure than nye1 nye2 seeds, as cotyledons of d1 d2 degreened only to a lesser though significant extent after 30 days of continuous light exposure (Figure 5a ). These findings indicate that the tolerance of different species to Chl retention in seeds varies tremendously, which helps to understand why so many varieties with green seeds are preserved in Leguminosae.
Green and brown seeds were also recorded for nyc1 nol mutant, and a retarded seed germination, i.e. a dramatic reduction of GR and appearance of pale-green or albino cotyledons, was subsequently observed (Nakajima et al., 2012) . Seed storability was proposed to be affected by the retention of Chl (Nakajima et al., 2012) . As its germination behavior is similar to that of nye1 nye2, we also carried out a seed germination assay of nyc1 nol in darkness, and found that a dark treatment could substantially restore the GR of nyc1 nol, as observed in nye1 nye2 ( Figure S7d) . Interestingly, it was reported recently that overexpression of VIPP1, which is crucial for protecting photosynthetic membranes, can rescue the chlorotic cotyledons of nyc1 (Zhang et al., 2016) . These results imply that a photodamage process could also be responsible for the abnormal seed germination of nyc1 nol, at least in part. Green seeds were also reported for the sgr1-1 sgr2-2 mutant, but no abnormal seed germination phenotypes were observed (Delmas et al., 2013) . This could be attributed to the residual activity of NYE1, as sgr1-1 is a weak allele of NYE1, without a stay-green phenotype observed even on its senescent leaves (Delmas et al., 2013) .
Degradations of Chl and Chl-binding proteins are coupled in leaves but not in seeds
It has long been proposed that degradation of Chl and Chlbinding proteins is coupled in photosystems as both Chl and Chl-binding proteins are proportionately retained in the leaves of CCEs mutants (Thomas et al., 2002; Pruzinska et al., 2005; Horie et al., 2009; Hortensteiner, 2009; Sato et al., 2009; Schelbert et al., 2009; Ren et al., 2010; Meguro et al., 2011; Wu et al., 2016) . Intriguingly, in the seeds of nye1 nye2, we found that the degradation of most Chlbinding proteins seemed to proceed with much less influence by the severe Chl retention (Figure 4 ). This finding suggests that there is likely a different mechanism regulating the breakdown of photosystems in seeds. Furthermore, it implies that Chl-apoprotein complexes could somehow disassemble before their respective degradations occur, or that certain protein hydrolases or catabolic processes could specifically exist in seeds. The seemingly uncoupled degradation of Chl-binding proteins and Chl breaks the regular stoichiometric ratio between them, which presumably leads to an over-accumulation of free Chl (Figure 4 ) and triggers seed-specific photo-bleaching phenotype in nye1 nye2. On the physiological side, it could be possible that the characteristic dehydration process during the later phase of seed maturation might impose a differential effect on the breakdown of components of photosystems.
Leaves of nye1-1 single-mutant exhibited an obvious stay-green phenotype during senescence, albeit to a lesser extent than those of nye1 nye2 double-mutant (Wu et al., 2016) , but no detectable accumulation of Chl was present in its mature seeds (Figure 1a and b) . Interestingly, this discrepancy in retaining Chl between seeds and leaves has also been observed between nyc1 single-mutant and nyc1 nol double-mutant (Nakajima et al., 2012) . These observations not only demonstrate that the extent of Chl retention in leaves is closely related with the severity of the defects of CCEs but, more importantly, that Chl degradation in seeds seems to be more efficient and thorough than that in leaves. This makes evolutionary sense because timely and efficient Chl degradation during seed maturation is crucial for seed viability.
H 2 O 2 is over-accumulated during the photo-damaging process
Upon exposure to light, free Chl in the seeds of nye1 nye2-G may undergo a light-dependent non-biochemical decay, concomitantly generating ROS, which may cause damage to maturing embryos and lead to a seed germination defect, as observed in nye1 nye2-B (Figures 1 and 3) . Nevertheless, this hypothesis needs to be further validated. What type(s) of ROS plays a major role in the photo-damaging process is one of the key issues worth being elucidated. To this end, we detected a higher content of H 2 O 2 in the late-maturing seeds of nye1 nye2 exposed to light (Figure 3c) (Mittler et al., 2004) . In addition, it could not be ruled out that singlet oxygen ( 1 O 2 ), a proposed major ROS generated by the light exposure of free Chl and/or its biosynthetic/catabolic intermediates, plays a major role instead of H 2 O 2 . Clearly, more efforts are needed to confirm the existence of singlet oxygen in the seeds of nye1 nye2.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Arabidopsis thaliana ecotype Col-0 was used as the WT. Mutants of nye1-1, nye2-1 and nye1 nye2 were described previously (Wu et al., 2016) . hcar (SALK_018790C), pph/crn1-1 (SALK_000095), pao/acd1-20 (CS3733) and rccr/acd2-2 (CS3734) were obtained from the Arabidopsis Biological Resource Center (ABRC, USA). Mutants of nyc1, nol and nyc1 nol were described by Nakajima et al. (2012) . Plants were grown under controlled conditions (16 h light/8 h dark, 60-70% relative humidity, 22-24°C). Soybean mutant of d1 d2 is an isogenic line in Clark background (Fang et al., 2014) .
Seed germination assays
Sterilized Arabidopsis seeds were placed on 1/2 Murashige and Skoog (MS) medium containing 1% sucrose. Plates were stored at 4°C for 2 days, and then transferred to growth chamber (16 h light/8 h dark, 22-24°C) for the indicated days. Germination was defined as emergence of cotyledons. For seed germination in the dark, plates were wrapped in aluminum foil and incubated for the indicated days. For dark treatment of siliques, attached siliques (stages c-d) of WT and double-mutants were wrapped in aluminum foil and harvested for analysis after a prolonged light exposure (about 3 weeks). For GA treatment, seeds were placed on three filter papers soaked with 4 ml deionized water supplemented with 20 lM GA. The plates were stored at 4°C for 2 days, and then transferred to normal growth condition for the indicated days. For naked embryo germination assay, seeds were soaked in water and stored at 4°C for 24 h, and embryos were detached from seed coats and placed on wet filter papers. Germination phenotypes were then recorded. For soybean seed germination, the seeds were sterilized in 5% NaClO for 5 min, washed with distilled water five times, and placed on three layers of sterile cotton gauze submerged with sterilized water in transparent plastic boxes. Another layer of cotton gauze covered the seeds for the first 3 days. The water and the gauze were changed every 3 days. The seeds grew in the growth chamber (16 h light/8 h dark, 23°C) for the indicated days.
Measurement of Chl content
Tissues were homogenized in liquid nitrogen and extracted using 80% acetone. Chl content was determined spectrophotometrically at 663 nm and 645 nm, as described previously (Ren et al., 2007) . The Chl a/b ratio was calculated by (0.0127*OD663-0.00269*OD645)/(0.0229*OD645-0.0046*OD663) (Benedetti and Arruda, 2002) .
TEM
Detached leaves, cotyledons or seeds were soaked in primary fixation buffer and then post-fixed for 60 min in secondary fixation buffer as described . Samples were embedded in EPON 812 and the sections were stained with 3% uranyl acetate. Lead citrate was then observed with a Philips CM10 TEM.
Measurement of H 2 O 2 content
Measurement of H 2 O 2 content in siliques was carried out according to the Xylenol orange method . In brief, siliques were excised from plants grown for 45 days and divided into five groups representing consecutive developmental stages according to their color and position on the inflorescence. Silique samples of about 0.5 g were ground in liquid nitrogen, and 1 ml pre-cooled acetone was then added. After incubation in the dark for 10 min, the mixture was centrifuged at 1000 g for 10 min. The supernatant was sequentially mixed with 1.5 ml extraction solvent (CCl 4 : CHCl 3 = 3:1, v/v) and 1 ml deionized water, and then incubated in the dark for 5 min. 
Protein extraction and immunoblot assay
Protein preparation and subsequent immunoblot analysis were performed as described previously (Ren et al., 2010) . Antibodies against Lhca1, Lhca2, Lhcbs, CP43 and D1 were purchased from Agrisera (http://www.agrisera.com/).
RNA extraction and quantitative reverse transcriptasepolymerase chain reaction (qRT-PCR)
Fresh tissues were collected and frozen in liquid nitrogen immediately. Total RNAs were extracted using Trizol Reagent (Invitrogen); cDNAs were synthesized with PrimeScript â RT Reagent Kit (TAKARA); qRT-PCRs were performed on MyiQ2 (Bio-red) using SYBRII premix (TAKARA). Transcript levels of genes were normalized to those of ACT2. Primers used for quantification are listed in Table S1 .
HPLC analyses of Chl and Chl catabolites
Tissue samples were homogenized in liquid N 2 and extracted in pre-cooled acetone with 10% (v/v) 0.2 M Tris-Cl (pH 8.0), and then incubated overnight at À20°C in the dark (Schelbert et al., 2009) . After incubation, the samples were centrifuged at 12 000 g for 5 min at 4°C. The supernatant was passed through a 0.22-lm filter and analyzed by HPLC. The mobile phase contained eluent A and eluent B. The eluent A was a mixture of methanol:acetonitrile:aqueous pyridine solution (0.25 M pyridine; 1:2:1, v:v:v), while the eluent B was composed of methanol:acetonitrile:acetone (1:1:3, v:v:v). All solvents for the preparation of mobile phases were in the grade of HPLC analysis, and the pyridine solution was filtered through a 0.45-lm filter after mixing with methanol and acetonitrile (eluent A). The percentage of eluent A was reduced from 20% (v/v) to 2% (v/v) in the first 6 min and maintained steadily afterwards. Chl and Chl catabolites were detected at 665 nm and 410 nm, and quantified according to their respective absorptions.
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